In an earlier paper based on PM 2.5 speciation network data, we showed that nickel (Ni) concentrations were much higher in New York City (NYC) than in New Jersey (NJ) and Connecticut (CT), and that the NYC levels, but not those in NJ and CT, were much higher in the winter than in summer. However, all of the speciation sites in NYC were in the northern half of the city. To determine the distributions of Ni and other PM 2.5 components within NYC, we collected 8-weeklong filter samples at 10 sites throughout NYC in both winter and summer, and measured the concentrations of the elements by X-ray fluorescence (XRF). The resulting data, together with speciation network site data, were used to construct seasonal average concentration isopleth maps for Ni and vanadium (V). As expected, Ni was much higher in Bronx than in Brooklyn, and much higher in winter than in summer. By contrast, V was higher in Brooklyn than in Bronx, and the winter and summer levels were similar. It appears that space-heating boilers are the major source category for Ni in NYC, whereas the Port of New York is the major source of V.
Introduction
Recent studies have suggested that chemical composition of fine particle ambient air particulate matter (PM 2.5 ) may have significant influences on public health, warranting epidemiological surveillance. There has been a particular focus on fine particle nickel (Ni) and vanadium (V), two elements that are often associated with the combustion of residual fuel oils. Lippmann et al. (2006) regressed the daily average mortality coefficient against PM 2.5 and its chemical component concentrations reported for [2000] [2001] [2002] [2003] by the United States Environmental Protection Agency (EPA) Speciation Trends Network (STN) concentrations for the 60 US cities with such data among the 90 cities in the National Mortality and Morbidity Study (NMMAPS) (Dominici et al., 2003) . In the Lippmann et al. (2006) analysis, only Ni and V were significantly associated with the significantly higher daily mortality in New York City (NYC) than in the other US cities with speciation data. They also noted that the PM 10 mortality coefficient for NYC in the NMMAPS Study reanalysis was 3.8 times higher than the national average, whereas ambient Ni concentration was 9.5 times higher than in the average for 60 NMMAPS communities with speciation data for 2000 -2003 . Dominici et al. (2007 extended the regression analyses of NMMAPS mortality and STN composition data out to 2005 for 69 US communities, and reported that their results were consistent with those of Lippmann et al. (2006) , but that when the NYC data were excluded from their regression analysis, the overall associations of mortality coefficient with Ni and V in the other US cities were no longer statistically significant. Franklin et al. (2008) assembled daily mortality and PM 2.5 data for 25 US cities (2000) (2001) (2002) (2003) (2004) (2005) , and developed city-specific daily mortality coefficients for PM 2.5 in each city. They then used speciation data plus daily weather data to examine the possible roles of each of the available PM 2.5 components as a modifier of the apparent effect of PM 2.5 . Their work included Poisson regression analyses which controlled for lags, temperature, season, year, mean seasonal concentration ratios for PM 2.5 and chemical components, influence of components on PM 2.5 mortality coefficients, and potential confounding factors (e.g., socioeconomic status, age, temperature, air conditioning, etc.). Al, As, Ni, Si, and SO 4 were significant as effect modifiers for the association of PM 2.5 with daily mortality, and Al, Ni, and either SO 4 2À or
As, could account for 100% of the heterogeneity of the association. Zanobetti et al. (2008) extended this analytic approach to emergency hospital admissions in 26 US cities, and reported that the most consistent finding was Ni's significant modification of the association of PM 2.5 with daily cardiovascular hospital admissions.
As discussed in our previous paper (Peltier et al., 2008) , we showed that a variety of fuel oils are used in New York State for industrial, energy production, transportation, and spaceheating purposes. These fuels include both distillate and residual oils. Distillate fuel oils are distillation products of the refining process, and are typically liquids that can be easily burned. Examples of distillate fuels include no. 1 and no. 2 fuel oils, diesel fuel, and kerosene (EIA, 2007) . Residual fuel oils are byproducts of refined crude oil, and include such blends as no. 5 and no. 6 fuel oil (also known as bunker fuel or navy special), and they are generally less expensive than distillate fuels. Because they are highly viscous, residual oils usually require special equipment to heat the oil prior to combustion, or must be blended with distillate (resulting in a product that is defined as no. 4 fuel oil), and thus are generally not suitable for use by individual residential consumers.
In their analyses of airborne concentrations of PM 2.5 components, based on EPA Speciation and Trends (STN) data, Interagency Monitoring of Protected Visual Environments (IMPROVE) background site network data collected in NYC, New Jersey (NJ), and Connecticut (CT), and of NYU's own data collected in NYC (east side of midtown Manhattan), Peltier et al. (2008) showed that Ni concentrations on the east side of Manhattan and at the two speciation sites in Bronx County were much higher than those at Queens College and those at Canal Street on the western edge of lower Manhattan, which in turn were much higher than those in adjacent areas outside of NYC. Because we noted a highly distinct seasonal trend in fine particle Ni, we suggested that the especially high Ni concentrations in midtown Manhattan and Bronx during the heating season appeared to be largely attributable to space-heating sources. Also, there were especially high Ni/V ratios in the heating season, suggesting that residual fuel oil used for space heating either contains much more Ni than V, or that Ni is more completely volatilized than V at the furnace temperatures achieved within space-heating units. In contrast, the power plant and shipboard combustion sources that are dominant outside the areas of those parts of NYC with numerous prewar (before 1945) high-rise buildings appear to produce lower and more uniform regional background concentrations, with Ni/V ratios closer to one. Thus, combustion of residual oil in many older residential and commercial buildings may cause large spatial gradients in Ni concentrations within NYC, especially during the heating season.
Some illustrative data from the Peltier et al. (2008) study are shown in Figure 1 for: (1) the Bronx Botanical Garden, which was the NYC site with the highest concentrations of Ni; (2) Elizabeth, NJ, near the Port of New York, which had the highest Ni concentrations at a site outside NYC; and (3) at Mohawk Mountain in northwest CT, an IMPROVE network background site. This study demonstrated that there were large spatial and seasonal variations of fine particle Ni within the NYC metropolitan region, as well as large spatial and seasonal variability within NYC itself on the basis of the observations at the four NYC STN speciation monitors. However, the absence of data from Kings County (Brooklyn), Richmond County (Staten Island), and the eastern portions of the Bronx and Queens Counties prevents a quantitative evaluation of the extent of the variations within NYC, especially for more than half of the NYC population in these uncharacterized areas. Given the very large population in NYC (B7.7 million in the four most populated Boroughs), and the extensive spatial and seasonal variations in airborne NYC Ni, we concluded that we would need more measurement data on ambient air levels at representative sites within NYC before we could undertake definitive studies of the health consequences of the inhalation of ambient air Ni within NYC.
This paper describes a pilot study to determine the winter and summer seasons' outdoor concentrations of Ni, V, and other PM 2.5 components and their spatial variation within the four most heavily populated Boroughs of NYC. These data, when combined with public health data on hospital admissions and/or mortality rates, will subsequently be used to characterize exposure-response relationships for Ni, V, and other PM 2.5 components.
Experimental approaches and designs
Analytical Approach in New York, Kings, Queens, and Bronx Counties to obtain better spatial coverage of NYC.
(ii) Perform X-Ray fluorescence speciation analyses on these filters to determine the concentrations of Ni, V, S, and other elemental species, perform quantitative gravimetric analysis, and conduct reflectometry analyses to determine their black carbon concentrations.
(iii) Develop: (1) a concentration isopleth model for the heating and non-heating seasons to estimate seasonal average Ni and V concentrations for each zip code within NYC; and (2) an atmospheric dispersion model in which the source term could be based on sales volumes of residual oil (and its Ni and V contents) by fuel oil distributor and heating degree days. This will allow for an estimated assignment of heating and non-heating season ambient concentrations.
Field and Laboratory Methods
A portable filter sampling assembly was designed for deployment in the homes of nine volunteer participants. The sampler consisted of a small vacuum pump (Model BGI400s, BGI Inc., Waltham, MA), which was contained in a small case which had been reinforced with acoustic foam to reduce vibration and sound. Polytetrafluoroethylene ('Teflo') filters (37 mm) were used to collect PM 2.5 samples during this study, and were positioned immediately after a sharp-cut cyclone. A denuder was not used in our method. The pump operated at 4.0 l/min; whereas the flow was not continuously monitored, the pump was calibrated before, once during, and after the study period using a volumetric flow primary calibrator (DryCal DC-Lite, Bios International, Butler, NJ, USA). Aerosol sample was drawn from a 1 cm inner diameter stainless steel tube, which extended B1 m from the window at each home. After constant environmental conditioning in our weigh room facility (temperature ¼ 231C; relative humidity ¼ 35%), the Teflon filter weight was measured prior to, and subsequent to sampling by a Mettler-Toledo microbalance (Model MT5, Hightown, NJ, USA) to quantify total PM 2.5 mass loading during the measurement. For quality assurance, the PM 2.5 from each filter was compared with Federal Reference Method (FRM) measurements of PM 2.5 from regional EPA FPM monitors to identify any samples that may suggest sampling error, sample contamination, or highly localized sources of PM 2.5 ; this is a reasonable assessment because PM 2.5 mass in the NYC region is typically uniform (Ito et al., 2004) .
A tenth, higher time-resolved, site was also used to collect 24-h PM 2.5 filter samples. A custom-built sequential sampler was installed at a climate-controlled sampling station located in lower Manhattan (Site M2). The sequential sampler operated at a mass-flow controlled 4.0 l/min, and an internal computer was used to switch filter samplers automatically at midnight. The filters, cassette holders, cyclone, and inlet were identical to those used in volunteer participants' homes.
Filters were retrieved every 2 weeks, new filters were then reloaded, and the data acquisition system was reset.
Non-destructive X-Ray fluorescence was employed to quantify mass concentrations of Ni and V, along with B32 other transition elements. Briefly, samples collected on Teflon filters were irradiated with high energy X-rays, which caused measurable secondary fluorescence depending on elemental composition. The energy wavelength and intensity of the secondary photon is proportional to elemental composition and concentration, respectively. The analytical method is consistent with that described by Maciejczyk and Chen (2005) . To capture sufficient PM 2.5 on each sample filter, each sample was collected at a volumetric flow rate of 4 l/min for B168 hours (7 days), with sample changes occurring on Sunday evenings. This sampling rate was adequate to ensure the sample is within the range of the upper and lower limits of detection for the analyzer. Using our sampling method for Ni and V, we estimate limits of detection for 1-week samples at 0.54 and 0.48 ng/m 3 , respectively. For the 24 h sequential samples, we estimate our limit of detection at 3.8 ng/m 3 for Ni, and 3.4 ng/m 3 for V. We estimate our uncertainty, which is calculated as the root mean square of errors associated with sampling airflow rates, analyzer precision, and error from particle distribution on filter media at 19%. Sampling took place for 10 weeks in the winter season (i.e., when space heating by fuel oil is most likely), as well as 10 weeks in the late spring and summer. Sampling locations and site codes are shown in Figure 2 . Using the collected field data, along with existing EPA sampling site data, a concentration isopleth was calculated using IGOR Pro v6.02a (Wavemetrics, Oswego, OR, USA). The interpolation was calculated using Delauney triangulation using the 10 study sites, as well as the averaged concentrations for each season for 2006 and 2007 from three nearby EPA Speciation sites F current year data was not yet available. Uncertainty associated with this interpolation method is estimated at 19% (consistent with the analytical method) near the 13 measurement sites and is likely higher at locations in between the sampling locations due to additional aerosol source uncertainty.
Results

Overview
For the purposes of this study, the winter heating season was defined as 1 January until 31 March, and the summer (non-heating) season was defined as 1 May to 31 July. A total of 286 filters were collected during the complete study period, with 157 collected during the winter period (see Table 1 ). The heating season is nested within NYC's regulatory requirements, which require apartment buildings to provide space heating from 1 October to 31 May. The sampling location Q1, our only residential sampling location in Queens (see Figure 2) was not available during the summer sampling period due to relocation of the volunteer participant.
PM 2.5 mass concentrations, as measured by our filters, were generally uniform across the measurement domain. Observed PM 2.5 mass was also consistent with FRM measurements of PM 2.5 throughout the NYC region.
Nickel and Vanadium
Seasonal fine particle Ni shows significant spatial variability across the sampled region. From Figure 3 , southern regions of NYC, that is, the Borough of Brooklyn and Southern Queens had the lowest wintertime concentrations of fine particle Ni. Parts of Northern Queens are characterized by intermediate concentrations of wintertime Ni. The highest winter Ni concentrations were observed in regions of northern and eastern Manhattan, as well as throughout most of Bronx. Mean winter Ni concentrations, as determined by our method, ranged from B9 ng/m 3 in Southern Brooklyn to B21 ng/m 3 in the Bronx (see Table 1 ). As shown in Figure 4 , daily wintertime Ni concentrations at site M2 ranged from below the limit of detection to 61.0 ng/m 3 ; the highest weekly average concentrations were consistently observed at location Bx2 (max concentration: 60.6 ng/m 3 ). Thus, considerable day-to-day concentration variability not captured by our weekly integrated filter samples was highly likely. Location M2 on the east side of midtown Manhattan was characterized by high Ni concentrations in both summer and winter (means: 12.5 and 19.9 ng/m 3 , respectively). It should be noted that the M2 location is within 1 km of the East River Power Generation Facility (lat/lon: 40.728, À73.973), which uses residual fuel oil for energy (electricity and steam) generation and may have had a strong influence on the results from this location.
A spatial profile of summer concentrations of Ni, which is also presented in Figure 3 , is consistent with the winter profile, except that absolute concentration is lower by a factor of 2 to 5. For example, for the two Bronx locations mean summer Ni concentration was B10 ng/m 3 , whereas mean summer Ni concentration at the four sites in Brooklyn Data are not available for summer samples at site Q1 and S1. Seasonal statistical significance by Student's t-test given as *(Po0.05) or **(Po0.10). Location identification is also found in Figure 2 . was B5 ng/m 3 . It should be noted that even with this seasonal concentration decrease, this represents ambient Ni concentrations that are a factor of 2 to 5 times higher than summertime Ni elsewhere within the United States.
The profile of V in NYC was unexpected in that the highest winter concentrations were observed in Brooklyn (Figure 3) . This is inconsistent with the hypothesis that Ni and V are co-emitted from residual fuel combustion. Average winter concentrations of V ranged from B6 ng/m 3 in Brooklyn to 4.1 ng/m 3 in Bronx F a spatial distribution opposite to that for Ni concentrations F and compares with a US national winter mean V of B1.7 ng/m 3 . The FRM speciation sampling site in Elizabeth, NJ, USA, which is near the shipping ports upwind of NYC, had mean winter concentrations of 7.4 ng/m 3 , suggesting that a considerable fraction of the V observed in NYC, especially in the southern part of the city, was from the upwind shipping port source rather than being locally emitted (i.e., from space heating or other local sources within NYC). By examining the FRM speciation sites at Chester and Trenton, NJ, USA sites, which are located B45 km to the West and Southwest of Elizabeth (i.e., further upwind), winter and summer V concentrations were more consistent with US national averages (2.8 and 2.2 ng/m 3 , respectively). Unlike the spatial profile of Ni, generally higher V concentration was observed in the summer (Figure 3) , and lower concentrations (though spatially similar) were observed in the winter. Mean V was also slightly higher at the Elizabeth FRM speciation site (7.8 ng/m 3 ) in the summer, and may suggest increased emissions from ship bunkering during the summer months. Thus, we conclude that most of the observed V at the Elizabeth site and across NYC was largely a result of ship bunkering operations at Ports Elizabeth and Newark.
The ratios of Ni to V in summer and winter are illustrated in Figure 5 . The data suggest that the Ni/V ratio in the NYC region is seasonal with higher overall ratios observed in the winter ( Figure 5, top panel) . A spatial gradient was also observed, with the highest Ni/V ratio found in the northern neighborhoods of NYC, which was particularly obvious in the winter samples. Winter ratios tended to range from 4-5 in the Bronx to 1-2 in Brooklyn. A similar spatial gradient was observed during the summer in NYC ( Figure 5, lower panel) , but the ratios tend to be considerably lower (ranging from B1 to 2, see Table 1 ).
Residual Oil Tank Locations
Within the United States, NYC is somewhat unique in that it uses a substantial quantity of residual oil for space-heating purposes. The New York State Department of Environmental Conservation (NYSDEC) requires all bulk petroleum storage tanks with capacities greater than 1,100 gallons to be registered in the Petroleum Bulk Storage Database. By extracting tank locations from the database, there are approximately 10,000 tanks containing residual fuel (''no.
4'' and ''no. 6'' oil) registered in Bronx, New York, Kings, and Queens counties. Figure 6 shows a distribution of registered tanks holding residual fuel oil in NYC. Although the presence of residual oil tanks is not necessarily causally related to high ambient air Ni, it is likely that the oil stored at these locations is mainly locally used for combustion, and would result in rooftop emissions of trace elements such as Ni and V. The highest density of tanks is in the regions of NYC with the highest observed winter Ni concentrations. For example, there are many tanks registered in Manhattan and Bronx, which is consistent with our hypothesis that large apartment buildings use a considerable quantity of residual oil for heating. Fewer registered tanks are observed in Brooklyn and Queens, where there are many smaller one and two family homes where residual oil use is less practical. If residual oil combustion is a major source of ambient Ni, and assuming a prevailing wind from the southwest, these results are generally consistent with our observation of highest Ni concentrations in the winter in Eastern Manhattan and the Bronx.
Discussion
The results depicted in Figures 3 and 5 for Ni and V in Bronx, Manhattan and Northern Queens are consistent with those of Peltier et al. (2008) that were based solely on EPA, STN, and IMPROVE speciation site data. The new data confirm our expectation that Ni concentrations in the more southern parts of NYC would be much lower than those in the more northerly parts of the city, and provide a much clearer picture of the extent of the spatial and seasonal distributions of the elemental concentrations of components associated with residual oil combustion.
Spatial variability of PM 2.5 Ni was clearly observed throughout the measurement periods. This significant enhancement in Ni over typical US concentrations may be attributable, in part, to the fact that NYC is within 20 km of two very large Port of New York shipping ports F Port Elizabeth and Port Newark F which are located in New Jersey on the western boundary of New York Harbor. Our previous work (Peltier et al., 2008) , and others (NYSERDA, 2006; EIA, 2007) have shown that ship bunkering consumes a significant amount of residual oil combustion (in the form of bunker fuel) in the region, and may account for some of the observed Ni enhancement. Furthermore, while space heating is likely minimal during the summer in NYC, apartment buildings generally use their space-heating boilers for domestic hot water production and thus this represents another likely source of ambient summertime Ni in NYC.
At times, absolute concentrations from the weeklong integrated filters were shown at concentrations exceeding 60 ng/m 3 , which was nearly 20 times higher that ambient concentrations at upwind sites in NJ, USA, and nearly 35-fold higher than average US concentrations of Ni. It is important to note that the ambient concentrations observed in parts of Bronx and Manhattan were only slightly lower than the concentrated ambient particles used for the subchronic mouse inhalation studies described by Lippmann et al. (2005) , a concentration range that was shown to have statistically significant cardiovascular effects on a murine model of atherosclerosis. Because our study collected mostly weeklong integrated filters, it is reasonable to speculate that there may be short time duration events of PM 2.5 Ni that are significantly higher F and potentially more important in terms of causing short-term human health effects F than the averaged measurements cited previously in this paper. As indicated in Figure 4 , which shows 24-h filter analyses from our site on the eastern side of midtown Manhattan (site M2, see Figure 2 ), daily measurements of Ni and V are highly variable, with marked fluctuations around the seasonal mean concentrations. It is notable that during the heating season, mean Ni is much higher than mean V. The opposite is true of the summer season, where mean V is somewhat higher than mean Ni. For both seasons, Ni and V are poorly correlated, which suggests they are from different sources or that Ni and V are subjected to highly different chemical processing.
We had not anticipated the rather complete disassociation between the concentrations of Ni and V within NYC, or the evidence that the concentrations of V would be: (1) higher in the more southern parts of the city than in the more northern parts; or (2) that the winter and summer concentrations of V in both northern and southern NYC would be so similar. This suggests that most of the NYC V is emitted in the vicinity of the Elizabeth, NJ monitor, and is most likely from the nearby cargo shipping facilities (rather than from more distant regional sources in the northeast megalopolis and Midwest States). This evidence implies that the international Figure 6 . A map of registered no. 4 and no. 6 oil tanks (capacity greater than 1100 gallons) in NYC. The markers are scaled by tank size, and three tanks with capacity greater than 175,000 gallons were removed from plot.
shipping port operations in NJ result in a V enhancement of approximately 4.5-5.0 ng/m 3 , and also accounts for the bulk of observed V at downwind locations within NYC.
It seems unlikely that differences in the ratios of Ni and V in the residual oil fuels could account for the north/south disassociations in their airborne concentrations or for the extremely high Ni/V ratios in the winter in NYC. One possible explanation could be a combustion-temperature related difference of volatility within the mineral components in residual oil. In this scenario, the combustion temperature in space-heating boilers would be sufficient to volatilize Ni more than V, whereas the higher combustion temperatures reached in marine transport engines and stationery electric power plants burning residual oil would be sufficient to volatilize both Ni and V. We plan to test this hypothesis about differential volatility in future laboratory tests.
Under this differential volatility hypothesis, the higher V concentrations in the southern parts of NYC than the northern parts in both winter and summer could be attributed to ships in transit through New York Harbor and/or whereas loading or unloading cargo on the docks of the Port of New York on the New Jersey waterfront, both of which are located upwind of Brooklyn and Queens, and operate throughout the year. In contrast, space-heating boilers burn much more residual oil in the winter than in the summer, when they are used primarily to heat domestic water supplies in the buildings. Their use in the summer for heating water is, however, sufficient to create summertime airborne concentrations of Ni greater than 10 ng/m 3 in the northern regions of NYC, which was B5 times higher than that seen elsewhere in the United States.
An analysis of 24 samples of raw (e.g., unburned) bunker fuels (Schirmacher et al., 1993) showed that, on an element mass per fuel mass basis, nickel is approximately 1/3 that of vanadium. In contrast, the USEPA estimates emission factors (USEPA, 1995) for residual fuel combustion indicate that Ni emissions are 2.7 times higher than those for V. This supports the hypothesis that Ni is more easily volatilized, thus resulting in a greater proportion of emission relative to V in the fuel. However, our analysis shows that emissions from the shipping ports tend to have considerably more V relative to Ni and is more consistent with the original fuel concentrations prior to combustion. Based on the fact that regions likely influenced by ship bunkering combustion have a low Ni/V ratio, this suggests that the EPA emission factors are incorrect for combustion of bunker fuels in ports. Furthermore, although the emissions have been validated for industrial scale combustion (e.g., power production), it is likely that the emission factors may also be incorrect for residual oil combustion related to residential space heating in NYC. Our results suggest much lower ratios, and imply that either there are sizable local sources of Ni in distinct regions of the city, or that the combustion conditions that occur in NYC may result in varied ratios that either emit far more Ni (relative to V), or far less V (relative to Ni). If residual fuel combustion from space heating does result in higher relative Ni, this suggests that the observed V in Brooklyn comes from sources other than space heating.
Whatever the causes of the spatial and seasonal disassociations of Ni and V concentrations in NYC turn out to be, the substantial concentration differences within NYC create unique opportunities for epidemiological studies of the associations of the concentrations of these metals with human health effects. In particular, we can test the emerging hypothesis that Ni could account for some of the substantial cardiovascular effects now associated with PM 2.5 mass concentration, whereas V could account for some of the cardiopulmonary system effects now associated with PM 2.5 . We plan to begin testing this hypothesis by assigning concentrations to postal zip codes and regressing these concentrations to Medicare-based hospital admission cases in the same zip codes.
Conclusions
Our measurements of the airborne concentrations of PM 2.5 components in the winter and summer seasons in the four most heavily populated Boroughs of NYC, together with previously assembled data from STN and IMPROVE PM 2.5 speciation data in the northern parts of NYC and its Metro region (Peltier et al., 2008) , have documented strong spatial gradients of both Ni and V within NYC, as well as strong seasonal variations in Ni within NYC. These concentration differences, along with the higher concentrations of both metals in NYC than elsewhere in the United States, together with a very large population of NYC, create an opportunity to perform an epidemiological study that could determine the capacity of either or both of these metals to increase hospital admissions for various cardiovascular, pulmonary, and possibly other disease categories.
